MicroRNA (miRNA) functions in the pathogenesis of major neurodegenerative diseases such as Alzheimer's disease (AD) are only beginning to emerge. We have observed significantly elevated levels of a specific miRNA, miR-26b, in the defined pathological areas of human postmortem brains, starting from early stages of AD (Braak III). Ectopic overexpression of miR-26b in rat primary postmitotic neurons led to the DNA replication and aberrant cell cycle entry (CCE) and, in parallel, increased tau-phosphorylation, which culminated in the apoptotic cell death of neurons. Similar tau hyperphosphorylation and CCE are typical features of neurons in pre-AD brains. Sequence-specific inhibition of miR-26b in culture is neuroprotective against oxidative stress. Retinoblastoma protein (Rb1), a major tumor suppressor, appears as the key direct miR-26b target, which mediates the observed neuronal phenotypes. The downstream signaling involves upregulation of Rb1/E2F cell cycle and pro-apoptotic transcriptional targets, including cyclin E1, and corresponding downregulation of cell cycle inhibitor p27/Kip1. It further leads to nuclear export and activation of Cdk5, a major kinase implicated in tau phosphorylation, regulation of cell cycle, and death in postmitotic neurons. Therefore, upregulation of miR-26b in neurons causes pleiotropic phenotypes that are also observed in AD. Elevated levels of miR-26b may thus contribute to the AD neuronal pathology.
Introduction
There are 5.3 million Americans living with Alzheimer's disease (AD), the major neurodegenerative disease of aging, and the number of people affected by the disease is predicted to double within 20 years. Despite significant progress in the field, medical science still has little to offer. Therefore, there is a critical need in new molecular targets, concepts, and approaches to treat this devastating disease.
miRNA, a class of small noncoding transcripts, regulates gene expression in various physiological and pathological conditions. miRNAs are important players in various cancers, acting as oncogenes and tumor suppressors (Hammond, 2006; Hwang and Mendell, 2006) . In the mammalian nervous system, miRNA is known to play important roles in development, metabolism, and neural plasticity. Studies have shown that dysregulation of miRNA may play a role in several neurodegenerative diseases (Lau and de Strooper, 2010; Provost, 2010; Zovoilis et al., 2011) and some key AD proteins are predicted or validated as miRNA targets (Hébert et al., , 2009 Vilardo et al., 2010; Zhu et al., 2012b) ; however, to date no evidence of miRNA-mediated regulation of AD progression has been demonstrated.
AD is a multifactorial disease characterized by A␤ deposition, tau hyperphosphorylation, oxidative stress, cholinergic deficits, progressive synaptic loss, and neurodegeneration. How all these typical characteristics of AD relate to each other is not clear. One of the earliest neuronal abnormalities in mild cognitive impairment (MCI) and AD is dysregulation of the cell cycle in postmitotic neurons, cells that are not normally cycling (Nagy et al., 1997; Yang et al., 2001; Neve and McPhie, 2006; McShea et al., 2007; Bonda et al., 2010) . Neuronal cell cycle regulatory failure presented by aberrant cell cycle entry (CCE) and often leading to cell death, may be a significant component of AD pathogenesis. Accumulating evidence suggests that CCE in neurons may precede tau and amyloid pathology, and that there is a link between CCE and tau-hyperphosphorylation (Andorfer et al., 2005; Jaworski et al., 2009) . A number of studies indicates that almost all neurons that exhibit tau pathology are also positive for various markers of cell cycle (Busser et al., 1998; Keeney et al., 2012; Seward et al., 2013) .
In this study we identified a specific miRNA, miR-26b, whose levels rise at early stages of AD (Braak III, which usually corresponds to MCI) and remain elevated in the defined pathological areas of human AD brains during the disease progression. We demonstrate that overexpression (OE) of this miRNA in cultured postmitotic neurons leads to CCE. We validate tumor suppressor Retinoblastoma 1 (Rb1) as a prin-cipal target that mediates miR-26b-induced CCE in neurons. Furthermore, both OE of miR-26b and inhibition of Rb1 cause activation of cyclin-dependent kinase 5 (Cdk5) and increase tau phosphorylation at AD-relevant epitopes, followed by apoptosis and neurodegeneration in culture. We propose that miR-26b upregulation, observed in AD, perturbs signaling pathways associated with neuronal cell cycle, and thereby causes pleiotropic phenotypes associated with the disease. We propose that miR-26b has an important function in the pathophysiology of AD.
Materials and Methods
Materials. Frozen human postmortem brain specimens were obtained from Harvard Brain Tissue Resource Center and used in accordance with the policies of Brigham and Women's Hospital institutional review board.
Cell cultures and transfections. Primary cortical neurons were prepared from E18 Sprague Dawley rat embryos of either sex, and cultured in Neurobasal medium (Invitrogen) supplemented with 1ϫ B27 (Invitrogen) as described previously (Krichevsky and Kosik, 2001 ).
Transfections of young neurons at day 2 in vitro (DIV2) with Rb1 siRNA (RB1RSS351663 or RB1RSS351662; Invitrogen), siRNA-E2F1 (sc-61861; Santa Cruz Biotechnology), pre-miR negative control 2 (AM17111; Ambion), pre-miR-26b (AM17100; Ambion) (50 nM), anti-miR-26b, or anti-miR-scramble (Dharmacon; 10 nM) were performed with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Transfections of mature (14 -21 DIV) neurons were performed using NeuroMag (Oz Biosciences) according to manufacturer's instructions. The efficiency of transfections was ϳ90 -95% for both young and mature neurons as we previously demonstrated .
RNA isolation and analysis. Total RNA was extracted from frozen biopsy samples or cells using TRIZOL (Invitrogen) according to the manufacturer's instructions. Equal portions of white and gray matter from the temporal lobe were dissected and homogenized.
For miRNA analysis, TaqMan microRNA Reverse Transcription reagents and Universal PCR Master Mix with microRNA real-time PCR primers (Applied Biosystems) were used for qRT-PCR. For mRNA expression analysis, 1 g of total RNA was reverse-transcribed with TaqMan Reverse Transcription Reagents (Applied Biosystems N808-0234) and gene expression quantified using SYBR green (Applied Biosystems Figure 1 . miR-26b expression is upregulated in AD. A, A table summarizes information about the samples used in this study. B, Multiplex miRNA expression analyses were performed on samples from temporal cortex of Braak III (n ϭ 6) and control brains (n ϭ 6). C, Expression of miR-26b (top) and miR-26a (bottom) was tested in control, Braak III, and Braak VI (n ϭ 8 -10 per condition) specimens by singleplex qRT-PCR, and relative levels calculated as 2
Ϫ⌬Ct
. Uniformly expressed miR-99a was used for normalization. Data represent mean Ϯ SEM with Mann-Whitney test.
SYBR Green PCR master mix). The sequences of primers used for qRT-PCR analyses are available upon request.
Western blot. Western blot analysis was performed according to standard protocol as described previously (Gabriely et al., 2008) . The following primary antibodies have been used in this study: against cleaved caspase 3 (9661S), Histone H3 (9175), Hsp90 (4874), p15 (4822), p27 (2552), pRb (S780) (9307), pRb(S807/811) (9308), Tau (S404) (44758G) Tau (S396) (44752G), and ␥H2A.X (9718) were obtained fromCell Signaling Technology. Antibodies against ␤-actin (ab8229), bromodeoxyuridine (BrdU) (ab6326), Ki67 (ab16667), and PCNA (ab29) were from Abcam. Antibodies against CCNA2 (sc-239), CCNE1 (sc-754), CDK5 (sc-6247 and sc-173), p35/25 (sc-820), pRb (sc-50), and E2F1 (sc-193) Figure 2 . miR-26b OE induces cell cycle in primary postmitotic neurons. A, miR-26b OE in cortical neurons induces expression of CCNE1, PCNA, and Ki67 compared with neurons transfected with pre-miR control. Typical immunostainings are demonstrated. Histograms depict the number of Tuj1-positive neurons costained with the indicated nuclear markers 5 d post-transfection (Student's t test, two-tailed *p Ͻ 0.05 and **p Ͻ 0.001; n ϭ 300 neurons/condition). Scale bar, 10 m. B, Representative Western blot analysis and quantification of four independent experiments demonstrate effects of miR-26b OE on positive (CCNE1 and ppRb1-Ser780) and negative (p27 and p15) regulators of cell cycle (Student's t test, two-tailed **p Ͻ 0.001 and ***p Ͻ 0.0001, 5 d post-transfection). C, Analysis of BrdU incorporation in neurons by immunostaining for Tuj1 and BrdU demonstrates that OE of miR-26b, but not a control miRNA or miR-34a, induces DNA replication in postmitotic cortical neurons. Representative immunostainings of BrdU ϩ rat neurons are shown. Histograms depict the percentage of BrdU-positive rat (left) and human (right) neurons (Student's t test, two-tailed *p Ͻ 0.05, n ϭ 300). Scale bar, 10 m.
were from Santa Cruz Biotechnology. Antibody against Tau (S202)/ (T205) (44738G) was from Invitrogen, and Tuj1 (MMS-435P) was from Covance.
Human cortical neuron culture. Human fatal cortical tissues (gestational age 16 weeks), provided by Advanced Bioscience Resources were washed with DMEM. Meninges were removed and tissues cut into size of mouse/rat cortices (ϳ3 mm 3 ) with forceps. Tissue was trypsinized in 0.25% trypsin and incubated at 37°C for 20 min with occasional swirling. Trypsin was removed and the tissue washed twice with 10 ml of PR medium (DMEM with 10% fetal bovine serum, 2 mM L-glutamine, 1 mM sodium pyruvate, and antibiotics). Tissue was triturated 5ϫ with a 10 ml plastic disposable pipette. Cell suspension was filtered through a 70 m followed by a 40 m cell strainer. Cells were spun at 1600 rpm for 5 min. Supernatant was removed and 1 ml of PR medium was added to resuspend the cell pellet. PR medium was added and cells counted. Cells were plated in PR medium. Medium was replaced the next day (1 DIV) with PR and with Neurobasal at 5 DIV.
Validation of miR-26b target. miR-26b targets were validated using psiCHECK2 constructs (Promega C8021). Nucleotides 494 -1156 of human Rb1 3Ј UTR were cloned into psiCHECK2 using XhoI and NotI. Mutations were introduced into the wild-type constructs using QuikChange Multi Site-Directed Mutagenesis Kit (Stratagene 200514). For assessing miR-26b activity, psiCHECK2 luciferase reporter vector containing a single perfect miR-26b binding site downstream of luciferase open reading frame has been used. Luciferase luminescence was revealed with Dual-Glo Luciferase Assay System (Promega E2920) and detected with Infinite F200 plate reader (Tecan).
Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling assay. In Situ Cell Death Detection Kit, TMR red (Roche 12 156 792 910) was used to reveal apoptotic cells. Cells were fixed in 4% paraformaldehyde (PFA) for 10 min at room temperature (RT) and permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate for 2Ј on ice. Cells were then incubated with terminal deoxynucleotidyl transferasemediated biotinylated UTP nick end labeling (TUNEL) reaction mixture for 1 h at 37°C, immunostained with anti-Tuj1 (MMS-435P; Covance) and analyzed by fluorescence microscopy.
Cell viability assay. Luciferase/ATP-based assay (CellTiter-Glo Luminescent Cell Viability Assay; Promega G7571) was used according to the manufacturer's instructions. Cells were incubated with CellTiter-Glo reagent for 10 min at RT and luciferase signals were measured with the Infinite F200 (Tecan) plate reader. To measure cell viability of hydrogen peroxide-treated primary neurons, WST-1 assay (Roche 11644807001) was used according to manufacturer's instructions. Briefly, cells were incubated with WST-1 reagent at 1:10 dilution at 37°C for 1 h, and absorbance was then measured at 440 nM with the Infinite F200 (Tecan) plate reader.
Immunocytochemistry. Cells were fixed in 4% PFA in PBS at RT for 10 min, permeabilized with 0.25% Triton X-100 for 5 min, and washed (2ϫ) with PBS. Cells were then blocked with 1% normal goat serum (NGS)-PBS for and incubated for 1 h at RT with primary antibody in 0.1% NGS-PBS. Cells were washed (3ϫ) with PBS and incubated with fluorescence-conjugated secondary antibodies at RT for 45 min. Cells were washed (3ϫ) with PBS and mounted in Vectashield (Vector Laboratories) supplemented with DAPI and analyzed by fluorescent microscopy.
Cytoplasmic and nuclear fractionation. The procedure was performed according to (Bernocco et al., 2008) . Cells were harvested in Buffer D (10 mM PIPES, pH 6.8, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , 5 mM EDTA, and 0.015% digitonin) with protease inhibitors (Complete Mini) and shaken for 15 min at 4°C. After centrifugation at 5000 ϫ g for 10 min at 4°C, the supernatant was collected and represented the cytosolic soluble protein fraction. The pellets were resuspended with Buffer T (10 mM PIPES, pH 7.4, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , 3 mM EDTA, and 0.5% Triton X-100) with protease inhibitors and shaken for 30 min at 4°C. After centrifugation at 5000 ϫ g for 10 min at 4°C, the pellet contained the nuclei that were washed twice with Buffer T and then lysed in Buffer C (10 mM PIPES, pH 7.4, 10 mM NaCl, 1 mM MgCl 2 , 1% Tween 40, 0.5% DOC, and 1 U/l benzonase) with protease inhibitors and shaken for 30 min at 4°C. Centrifugation at 6800 ϫ g at 4°C for 30 min allowed the recovery of the supernatant as the nuclear fraction.
Immunoprecipitation. Cells were harvested 7 d after transfection in NP-40 lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1% NP-40) with protease inhibitors, and cell lysates prepared as described above. Cell lysates (800 g) were incubated with 1 g immunoprecipitating antibody for 1 h at 4°C and then incubated overnight at 4°C with 20 l anti-rabbit-IgG beads (eBioscience). Immunoprecipitated complexes were washed (4ϫ) with lysis buffer (centrifugation at 1000 ϫ g at 4°C for 5 min), recovered in 40 l 2ϫ Laemmle buffer with 50 mM fresh dithiothreitol and boiled for 5 min; samples were loaded onto SDS-PAGE gels and analyzed by immunoblotting.
In vitro kinase assays. Immunoprecipitated complexes were washed (2ϫ) in NP-40 lysis buffer and in HEPES buffer (40 mM HEPES, pH 7.2, 8 mM MgCl 2 ) and then used to phosphorylate 1 g Histone H1 (Millipore 14 -155), Rb1 (769) (Santa Cruz Biotechnology sc-4112), or Tau 441 (151-421; SignalChem) peptides in 30 l kinase buffer (40 mM HEPES, pH 7, 8 mM MgCl 2 , 125 nM okadaic acid, protease inhibitors, and 10 mM ATP). After incubation for 1 h at 37°C, the reactions were stopped by adding 2ϫ Laemmle buffer and boiling for 5 min, and the analysis was performed by Western blotting for phospho-Rb (780) (9307; Cell Signaling Technology), phospho-Histone H1 (T146) (ab3596; Abcam), and phospho-Tau (S404) (44758G; Cell Signaling Technology). . miR-26b OE leads to Cdk5 nuclear export and increased tau-phosphorylation in primary neurons. A, Western blot analysis shows Cdk5 reshuttling from the nuclear to the cytosolic fraction in miR-26b-overexpressing cortical neurons. Histone H3 and Hsp90 were used as markers of nuclear and cytosolic fractions, respectively, and actin as a loading control. B, Western blot analysis shows that miR-26b OE increases tau-phosphorylation at four different epitopes as compared with pre-miR control-transfected neurons. Quantification depicts the densitometric analysis of two experiments (Student's t test, two-tailed *p Ͻ 0.05).
Results

miR-26b is upregulated in human MCI and AD
Using multiplex real-time qRT-PCR, we profiled miRNA expression in defined pathological areas of human MCI and AD brains along with similar regions of aged-matched healthy brains. RNA was isolated from frozen temporal cortex, a region susceptible to AD, of individuals with MCI (Braak III), severe AD (Braak VI), and nonpathological brains (n ϭ 8 -10 per group; Fig. 1A ). Expression analysis was performed for a set of 21 selected miRNAs, highly abundant in brain regions susceptible to AD. This analysis suggested several miRNAs as significantly dysregulated in Braak III cases compared with the control group (Fig. 1B) . The analysis of Braak III tissues was not skewed by the differential representation of neurons versus glia since there is no significant neural loss at Braak III stage of the disease. More specific singleplex qRT-PCR miRNA expression analyses confirmed the most significant increase in the expression of miR-26b (but not of its paralog miR-26a) in both Braak stages III and VI (Fig. 1C) . A previous report by Cogswell et al. (2008) suggested upregulation of both miR-26a and miR-26b in hippocampi but not cerebellum of Braak III/IV patients. The data we present here, using more specific singleplex qRT-PCR, has validated that only one member of the miR-26 family, miR-26b, is elevated significantly in MCI and AD. This is in contrast with the other reported screens of miRNA dysregulation in AD, which have not detected upregulation of miR-26b Satoh, 2012) . This discrepancy is likely due to the less specific character of the platforms used in other studies and to cross-hybridization between the probes for miR-26a (not altered) and miR-26b. Since other deregulated miRNAs identified in our screen (e.g., let-7i and miR-29c) belong to larger miRNA families that include multiple members, and thus assessing their specific functions will be challenging, and our pilot experiments suggested the most interesting and consistent phenotype for miR-26b, we focused in this study on miR-26b functions and its potential role in the AD neuropathology. A role of another significantly deregulated miRNA, miR-132, in AD and other neurologic disorders has been investigated previously .
miR-26b OE induces cell cycle in postmitotic neurons
Several studies reported that miR-26 regulated cell cycle in dividing cells (Huse et al., 2009; Kota et al., 2009; Kim et al., 2010; Dill et al., 2012) . Since reactivation of cell division and failure in cell cycle regulatory mechanisms are some of the earliest neuronal abnormalities in the AD brains, we hypothesized that this might be due to the increased miR-26b expression. To study the effects of miR-26b upregulation on neuronal cells, we used a gain-of-function approach and transfected E18 postmitotic cortical cultures with synthetic miR-26b mimic molecules (pre-mir26b) . When transfected at 50 nM, pre-miR-26b led to increased miR-26b levels and elevated its endogenous activity in neurons 3- to 4-fold, as indicated by the activity of miR-26b luciferase reporter (Fig. 5B , right, first two bars).
To test the effects of miR-26b on neurons, the cells transfected with pre-miR-26b or a scrambled pre-miR control, were harvested 5 d after transfection and subjected to immunostaining for various cell cycle and proliferation markers. MiR-26b OE significantly increased the nuclear staining of cyclin E1 (CCNE1), PCNA (DNA polymerase processivity factor), and Ki67 in postmitotic (Tujiϩ) neurons ( Fig. 2A) . Ki67, a marker of proliferative cells, was nearly undetectable in neurons treated with the control oligo, and detected in 4% Tuj1 ϩ neurons in the miR-26b transfected cultures. The characteristic pattern of Ki67 staining suggested that neurons were in G 1 and S phases but never proceeded to G 2 /M. These results indicate that elevated expression of miR26b, also observed in MCI and AD cases, can induce CCE in postmitotic neurons. To confirm this, we transfected primary rat cortical neurons with pre-miR-26b or a scrambled pre-miR control and performed Western blot analysis for several regulators of cell cycle such as CCNE1 and phosphorylated pRb (ppRB), often observed in AD neurons (Jordan-Sciutto et al., 2002; de las Cuevas et al., 2003) . OE of miR-26b led to a significant increase in the expression of CCNE1, and ppRb, and a decrease in the cell cycle inhibitors p27 and p15 (Fig. 2B ). To further confirm that miR26b was inducing CCE in postmitotic neurons we performed a BrdU incorporation assay. Our results demonstrate that OE of miR-26b significantly increases BrdU incorporation in both rodent and human Tuji ϩ neurons. This increase in BrdU incorporation was specific for miR-26b OE as a control miRNA and also miR-34a (another miRNA abundant in the brain, and involved in both regulation of cell cycle in proliferative cells and neurodegeneration; Bommer et al., 2007; Hermeking, 2009; Liu et al., 2012) had no effect (Fig. 2C) . Glial GFAP ϩ cells that typically constitute Ͻ5% of our rodent primary cultures and ϳ40 -50% of human primary cultures were not affected by miR-26b OE (data not shown).
miR-26b OE induces Cdk5 reshuttling and tauphosphorylation
Inhibition of cell cycle in postmitotic neurons is exerted by a nuclear complex consisting of p27 and Cdk5. Cdk5 is an atypical kinase that, when localized to nucleus, plays a central role in this process (Zhang et al., 2008; Zhang and Herrup, 2008 ). Cdk5 does not have an intrinsic nuclear localization signal and its nuclear localization relies on its binding to the cyclin-dependent kinase inhibitor p27. In the absence of p27, Cdk5 is exported to cytoplasm, where it can no longer suppress the cell cycle (Zhang et al., 2010) . Cytosolic Cdk5 is also well characterized as a major tau kinase (Lee and Tsai, 2003; Mazanetz and Fischer, 2007) . Since miR-26b transfections significantly reduced the levels of p27 in neurons, we tested how they affected Cdk5 intracellular localization. MiR-26b or pre-miR control were transfected into primary neurons followed by cytoplasmic/nuclear fractionation. Western blot analysis revealed that OE of miR-26b caused the export of Cdk5 from the nucleus to the cytoplasm (Fig. 3A) .
Interestingly, the vast majority of neurons with neurofibrillary tangles (NFT) in AD brains are also positive for cell cycle markers (Busser et al., 1998) , suggesting a common regulation or a link between CCE and tau aggregation. Since miR-26b affects cellular localization of Cdk5, a major tau kinase, we tested how OE of miR-26b affects tau phosphorylation in postmitotic neurons. Western blot analyses revealed a statistically significant increase in tau phosphorylation at several sites, including pS202/T205 (AT8) and pS396/S404 (PHF-1), Cdk5 phosphorylation sites typical for early and late NFTs, respectively, in AD (Fig. 3B) .
miR-26b OE leads to apoptotic cell death of primary neuronal cultures
Induction of cell cycle in neurons, and also Cdk5 reshuttling often lead to (and may even cause) neuronal death (Byrnes et al., 2007; Fu et al., 2013) . Importantly, the observed CCE and tau hyperphosphorylation in miR-26b overexpressing neurons were followed by apoptotic cell death as indicated by immunostaining and TUNEL experiments (Fig. 4 A, D) . This effect was sequence specific as neurons transfected with pre-miR control and other miRNA mimics did not cause an increase in apoptosis above the background levels observed in mock-transfected cultures. Furthermore, the levels of activated (cleaved) caspase 3, the major effector of neuronal apoptosis associated with AD, were significantly increased in neurons transfected with pre-miR-26b (Fig.  4B) . OE of miR-26b led to a significant sequence-dependent decrease in neuronal cell viability, as assessed by an ATP-based metabolic activity assay (Fig. 4C) . Finally, we investigated if miR26b knockdown could have a neuroprotective effect following an AD-relevant apoptotic stimulus. We used hydrogen peroxide treatment, an established experimental system for studying oxidative stress-induced neurodegenerative response, which also activates CCE in postmitotic neurons (Schwartz et al., 2007) . Primary cortical neurons were transfected with sequence-specific miR-26b inhibitor (anti-miR-26b) or an anti-miR-scramble control molecule, and then exposed to 15 ⌴ H 2 O 2 overnight. As shown in Figure 4E , miR-26b inhibition led to a significant increase in cell viability of hydrogen peroxide-treated primary neurons. Since the miR-26b's paralog miR-26a could potentially compensate for the reduced miR-26b activity, more potent inhibition of both miR-26a and Ϫ26b might be used to further enhance the neuroprotection.
miR-26b directly regulates expression of Rb protein in neurons and affects Rb1/E2F transcriptional targets
To identify principal targets that mediate miR-26b effects in neurons, we used several target prediction algorithms, and found two putative highly conserved binding sites within the Rb 3Ј UTR (Fig. 5B) . Retinoblastoma is a potent tumor suppressor that controls cell cycle at the G 1 -to-S phase checkpoint, primarily by inhibiting E2F transcription factors and thereby hampering the transcription of genes required for transition to S-phase (Sellers et al., 1995; . In neuronal cells, Rb protein likely plays a crucial role in cell survival and its phosphorylation is tightly correlated with neuronal death ( .) psiCHECK-2-Rb1 3ЈUTR constructs cotransfected with a precursor pre-miRNA control or pre-miR-26b (50 nM) in cultures of rat primary neurons (right). OE of miR-26b led to a significant decrease in the relative activity of a wt but not mutated at site 1 construct, as compared with cells transfected with the pre-miR control (Student's t test, twotailed **p Ͻ 0.001 and ***p Ͻ 0.0001, n ϭ 3; error bars indicate SEM from 3 independent transfections). C, qRT-PCR analysis of E2F transcriptional targets associated with cell cycle (CCNE1, CCNE2, and PCNA, left) and apoptosis (Caspase 8, Apaf1, Map3K14, Map3K5, Caspase 3, and Bim, right). The quantification reflects expression changes observed 5 d after transfection with pre-miR-26b relative to control. GAPDH served as a normalization housekeeping gene (Student's t test, two-tailed, *p Ͻ 0.05, **p Ͻ 0.001, n ϭ 3). D, E2F1 downregulation abolishes key effects of miR-26b OE. Western blot analysis of neurons cotransfected with siRNA-E2F1 and either pre-miR-26b or pre-miR control demonstrates a decrease in CCNE1 and cleaved caspase 3 and an increase in p27 in neurons cotransfected with siRNA-E2F1 and pre-miR-26b 5 d post-transfection. signaling has been implicated in the regulation of gene expression in AD (Ranganathan et al., 2001; Muñoz et al., 2005) . Western blot analysis demonstrated that miR-26b OE in primary neurons led to substantial reduction of Rb levels (Fig. 5A) .
To confirm that Rb mRNA was a direct target of miR-26b, we constructed luciferase reporter plasmids that contained either the wild-type 3ЈUTR sequence of Rb mRNA or one in which the miRNA-binding sites have been mutated (Fig. 5B) . Using these reporters, we validated that miR-26b directly binds to the 3ЈUTR of Rb mRNA and represses its expression in primary neurons (Fig. 5B) . This repression was abolished by mutations in one of two predicted miR-26b binding sites within Rb 3ЈUTR. These results indicate that miR-26b directly regulates expression of Rb.
E2F family of transcription factors is a key downstream effector of the Rb activity; reduced levels of Rb lead to the derepression of E2F-driven transcription and thus upregulation of E2F transcriptional targets, including both cell cycle and proapoptotic genes. To investigate if OE of miR-26b regulates E2F targets, we transfected either pre-miR-26b or a pre-miR control into primary neurons and performed qRT-PCR analysis of known E2F transcriptional target genes, such as cell cycle regulators CCNE1, CCNE2, and PCNA and the regulators of apoptosis APAF1, MAP3K5, Caspase 8, and Caspase 3. Remarkably, OE of miR-26b in neurons led to a significant upregulation of the majority of investigated E2F targets, including both S-phase and pro-apoptotic genes (Fig. 5C ). Of note, Bim, an important mediator of apoptosis, transcriptionally regulated by several factors including E2F1, was not affected by miR-26b OE.
To further confirm that miR-26b regulation is mediated through the E2F1 transcription machinery, we simultaneously overexpressed miR-26b and downregulated E2F1 by the cognate siRNA. We observed that E2F1 silencing abolished miR-26b-induced elevation of CCNE1, downregulation of p27, and most importantly it rescued neurons from apoptosis, as suggested by the levels of cleaved caspase 3 (Fig. 5D) .
Since there are many important E2F1 targets regulated by miR-26b, it may not be practical to attribute observed cell death to a specific gene(s) involved in apoptosis versus cell cycle pathway. Nevertheless, we argue that miR-26b-induced CCE is unlikely to be merely a coincident event for the following reasons: (1) it is established by numerous publications that induction of CCE in postmitotic neurons is tightly linked and can lead to cell death in various systems, even in the absence of transcriptional induction of apoptotic genes Andrusiak et al., 2012) ; (2) in our system, induction of proliferative markers Ki67 and PCNA was an early event observed 3 d post miR-26b transfection; and (3) one of the most pronounced effects of miR-26b OE was strong downregulation of the cell cycle inhibitor p27 kip1 , the event sufficient to induce death of cortical neurons in vitro and in vivo (Akashiba et al., 2006; Ye and Blain, 2010) .
Downregulation of Rb mimics the effects of miR-26b on cell cycle and apoptosis in neurons
To assess whether Rb is the major miR-26b target that mediates miR-26b phenotype observed in primary neurons, we investigated if downregulation of Rb by RNAi mimics the effects of miR-26b OE on cell cycle and apoptosis in neurons. Importantly, the siRNAs deployed in this study reduced target Rb mRNA levels by a magnitude comparable to that previously observed to be elicited by ectopic miR-26b expression in these same cells (ϳ2-fold at 48 -72 h post-transfection; Fig. 6A, left) ; thus, RNAi approach allowed us to reasonably approximate the consequences of miR-26b's action on this effector molecule. Cortical neurons were transfected with either different siRNAs cognate to Rb mRNA or a control siRNA. Five days after transfection the cells were subjected to immunostaining for the cell cycle markers PCNA and Ki67. As expected, downregulation of Rb by siRNAs increased the nuclear staining of both PCNA and Ki67, indicating CCE similar to that observed in miR-26b overexpressing cells (Fig. 6A) . In parallel, Western blot analyses of cells transfected with Rb siRNA revealed an increase in CCNE1 and phosphorylated Rb, and a decrease in p27 ( Fig. 6B ; 120 h post-transfection), similar to those observed in miR-26b OE conditions. Of note, since direct downregulation of Rb expression by either cognate siRNA or miR-26b OE (observed at protein level 72 h posttransfection) leads to the increased phosphorylation of the remaining Rb protein at a later time point (120 h), this suggests that increased phosphorylation of Rb in the miR-26b-overexpressing cells (Fig. 2B) is a secondary effect, caused by miR-26b targeting and repression of Rb.
Furthermore, downregulation of Rb by siRNAs caused an increase in cleaved caspase 3 and led to a significant increase in the number of TUNEL-positive apoptotic neurons (Fig. 6C) . Finally, analysis of cell viability by a luciferase/ATP-based assay 7 d after transfection with siRNA-Rb, or a control RNA duplexes demonstrated that, similarly to OE of miR-26b, knockdown of Rb leads to a significant decrease in neuronal cell viability (Fig. 6D) .
Reports have shown that cell cycle induced by Rb1 deficiency leaves cells more susceptible to DNA damage (Manning and Dyson, 2011) . To evaluate miR-26b-overexpressing or Rb1-deficient neurons for the presence of DNA damage, we assessed them for ␥H2AX, a histone H2AX phosphorylation at serine 139 and marker for DNA damage induced by double-strand breaks (Rogakou et al., 1998) . Transfections with pre-miR-26b, as well as siRNAs-Rb1, all led to an increase in the levels of ␥H2AX (Fig.  6E) , suggesting that Rb1 inhibition and the downstream CCE may activate the DNA damage pathway.
miR-26b OE and Rb repression lead to tau-phosphorylation and an increase in Cdk5 activity
We next sought to determine whether, like miR-26b OE, downregulation of Rb by RNAi could also lead to an increase in tauphosphorylation. Primary cortical neurons were transfected with siRNA-Rb or control RNA duplex and subjected to Western blot analysis 5 d post-transfection. SiRNA-mediated knockdown of Rb led to a statistically significant increase in tau-phosphorylation at S202/T205 (AT8) and S404 (PHF-1), Cdk5 phosphorylation sites typical for early and late NFTs, respectively, in AD (Fig. 7A) .
It has been demonstrated that nuclear Cdk5 blocks cell cycle re-entry in an activity-independent way (Zhang and Herrup, 4 (Figure legend continued.) with these siRNAs lead to increased nuclear staining for both Ki67 and PCNA (right). Histograms depict the percentage of Tuj1 ϩ neurons with the corresponding nuclear staining, counted 5 d post-transfection (Student's t test, two-tailed, *p Ͻ 0.05, n ϭ 300 neurons). B, Western blot analysis demonstrates an increase in the expression of cell cycle markers CCNE1 and ppRb1 (S807/811) and a decrease in the expression of the cell cycle inhibitor p27 5 d post-transfection with siRb1. C, Histograms depict the percentage of TUNEL-positive Tuj1 ϩ neurons 5 d post-transfection (Student's t test, two-tailed, ***p Ͻ 0.0001, n ϭ 300/3). Western blot analysis (right) shows upregulation of cleaved caspase 3 after transfection with siRb1. D, Cell viability assay demonstrates reduced viability of postmitotic neurons transfected with two siRNAs cognate to Rb1, 5 d post-transfection (Student's t test, two-tailed, **p Ͻ 0.001 and ***p Ͻ 0.0001, n ϭ 3). E, Western blot analysis (left) of ␥H2A.X 5 d after transfections of pre-miR-Control, pre-miR-26b, siRNA-Rb1a, or siRNA-Rb1b. Quantification of relative ␥H2A.X levels shows a significant increase in experimentally transfected neurons as compared with pre-miR control transfected (Student's t test, two-tailed, *p Ͻ 0.05, n ϭ 4).
2008; Zhang et al., 2010) . Our data suggest a role for Cdk5 relocalization in the miR26b-induced CCE. For miR-26b/siRNARb-induced tau-hyperphosphorylation, however, Cdk5 kinase activity might be required. To investigate whether miR-26b OE and Rb downregulation activate Cdk5 kinase, we transfected primary cortical neurons with miR-26b or siRNA-Rb and immunoprecipitated the active Cdk5 complex using antibodies to its activator subunit p35/p25. Western blot analysis for the immunoprecipitated complexes revealed a significant increase in active, p35/p25-bound Cdk5 after either miR26b OE or downregulation of Rb by RNAi (Fig. 7B) . To directly assess miR-26b effect on the Cdk5 activity we performed in vitro kinase assays on primary cortical neurons. Five days after transfection with either pre-miR-26b or pre-miR control, the neurons were lysed, immunoprecipitated for active Cdk5, and enzymatic activity assays were performed using validated substrate peptides. Of relevance, Rb1 is a validated substrate of Cdk5 in neuronal cells (Hamdane et al., 2005; Futatsugi et al., 2012) ; we therefore assessed Cdk5 kinase activity on Rb1, Tau, and also its classical substrate Histone H1. These analyses demonstrated that miR-26b OE increases Cdk5 activity in the phosphorylation of all three tested substrates (Fig. 7C) . Therefore, miR-26b OE leads to aberrant CCE and, in parallel, increases tau phosphorylation in neurons, through reduction of Rb and Cdk5 nuclear export and activation, which appear to be central in the induction of these phenotypes.
Mature neurons exhibit the same effects after treatment with miR-26b and siRNA-Rb Since for technical reasons most of our experiments have been performed on primary neurons transfected at 2 DIV, we finally investigated whether miR-26b OE has similar effects on mature synaptically of tau-phosphorylation at Ser404 and Ser202/Thr205. Actin serves as a loading control (Student's t test, two-tailed, *p Ͻ 0.05, n ϭ 2). B, Immunoprecipitation with anti-p35/25 primary antibody followed by Western blot analysis for Cdk5 reveals an accumulation of Cdk5 associated with p35/p25 in postmitotic neurons transfected with either miR-26b or siRb1 (Student's t test, two-tailed, *p Ͻ 0.05 and **p Ͻ 0.001, n ϭ 3). C, Immunoprecipitation for Cdk5 followed by in vitro phosphorylation of its substrate peptides Histone H1, Tau, and Rb1, and Western blot analysis with specified phospho-antibodies indicate increased Cdk5 activity in neurons transfected with pre-miR-26b (Student's t test, two-tailed, ***p Ͻ 0.0005, *p Ͻ 0.01, n ϭ 4).
active neurons, as they would represent a better cellular model of neurons in AD. To this end, we cultured primary cortical neurons for 2 weeks before transfecting them via magnetofection with either premiR-26b or pre-miR control and analyzing 3-5 d post-transfection. Similar to young neurons, miR-26b OE downregulated Rb expression and subsequently led to a significant increase in the levels of CCNE1, phosphorylated Rb, and phosphorylated tau, and to a decrease in p27 levels (Fig. 8A) . Furthermore, miR-26b OE induced apoptosis in these cells, as indicated by increase in cleaved caspase 3 levels 120 h after transfection (Fig. 8B) . Finally, direct knockdown of Rb in mature neurons via siRNA-Rb mimicked principal effects of miR-26b OE. Specifically, it increased the relative expression of CCNE1, phosphorylated Rb, and phosphorylated tau, and decreased the levels of p27 (Fig. 8C ). Similar to miR-26b OE, it also led to caspase 3 cleavage in mature neurons (Fig. 8C) .
Discussion
miR-26a/b has been associated with the regulation of cell cycle and apoptosis in cancer cells, acting in different cellular contexts either as a growth-promoting or as a growth-suppressive miRNA (Huse et al., 2009; Kota et al., 2009; Kim et al., 2010; Lu et al., 2011; Zhu et al., 2012a) . Our work demonstrates that miR-26b is upregulated in temporal cortex in AD, starting from early prodromal stages, and in postmitotic rodent and human neurons it may induce aberrant CCE, increase tauphosphorylation, and lead to apoptotic cell death.
It is documented in AD brains that neurons of the hippocampus and cerebral cortex demonstrate appearance of cell cycle markers and partial or full DNA replication. For example a number of cyclins and CDKs, typical for proliferative cells, appear in postmitotic neurons at early stages of AD (Arendt et al., 1998; Smith et al., 1999) . Conversely, many cell cycle inhibitors, including Figure 8 . OE of miR-26b or siRNA-mediated knockdown of Rb1 have similar effects in mature cortical neurons transfected at 14 DIV. A, Representative Western blot analysis (left) and quantification of four independent experiments demonstrate that OE of miR-26b increases expression of CCNE1 and phosphorylation of Rb1 at Ser780, and tau at Ser404, whereas p27 is downregulated 4 (two-way ANOVA, *p Ͻ 0.05, **p Ͻ 0.005, n ϭ 4). B, Western blot analysis showing increased cleavage of caspase 3 5 d post-transfection with pre-miR-26b (Student's t test, twotailed, *p Ͻ 0.05, n ϭ 2). C, Western blot analysis demonstrating that mature cortical neurons transfected with two siRNAs cognate to Rb1 have increased expression of CCNE1 and phosphorylation of Rb1 at Ser780, and tau at Ser404, whereas p27 is downregulated. D, A model of the proposed miR-26b-induced effects on neuronal cell cycle initiation, tauphosphorylation, Cdk5 activity, and apoptosis. kip1 , are downregulated in AD (Janicki and Monteiro, 1999) . Reports of cell cycle markers preceding other hallmarks of AD (A␤ plaques and NFTs) suggest aberrant CCE in postmitotic neurons may be a causative factor or have a key role in the pathogenesis of the disease (Lopes et al., 2009; Bonda et al., 2010; Swerdlow, 2012) . While many vulnerable neurons in AD enter S-phase of the cell cycle, exhibit DNA replication and sometimes binucleation events, M-phase is not entered (Bonda et al., 2009; Moh et al., 2011; Yurov et al., 2011) . It is generally accepted that neurons entering the cell cycle are ultimately destined for death; better understanding of how aberrant CCE in postmitotic neurons contributes to AD progression and how it relates to other hallmarks of the disease is vital to help decipher the pathogenesis of AD.
Findings presented in this work suggest elevation of miR26b in AD neurons induces cell cycle, directly targets Rb1, and causes activation of Cdk5, leading to tau-phosphorylation followed by apoptosis. Rb1, a key tumor suppressor protein, regulates cell proliferation by controlling progression through the restriction point within the G 1 -phase of the cell cycle. Hypophosphorylated Rb1 binds and inhibits the transcription factor E2F, which is required for transcription of S-phase genes, while phosphorylation by CDKs inhibits Rb1-E2F binding and thereby allows cell cycle progression. In neurons, Rb1 is expressed at high levels, likely contributing to the postmitotic state of these cells. Remarkably, miR-26b regulates Rb1 directly by binding to Rb1 mRNA and inhibiting its expression and, consequently, indirectly by functional inactivation through its phosphorylation. Similarly, Rb1 downregulation by siRNA also leads to Rb1 phosphorylation (Fig. 6 ). Rb1 reduction may lead to phosphorylation of the remaining Rb1 protein by increasing Cdk5 kinase activity (Fig. 7 B, C) . Activated transcription of established E2F targets such as cyclin E and Cdk2 can also lead to elevation of Cdk2-cyclin E that phosphorylates Rb1, and thereby further drive progression into S-phase (Yoshida et al., 2013) .
Although, in addition to Rb1, miR-26b may regulate other transcripts, Rb1 appears as the major target in postmitotic neurons as its downregulation by siRNA recapitulated pleiotropic effects (including CCE and apoptosis) induced by miR26b (Fig. 6) . Downregulated Rb1 expression and activity resulted in elevated transcription of E2F target genes, including both S-phase and pro-apoptotic genes, which may provide a direct link between miR-26b-induced CCE and apoptosis. Furthermore, E2F1 silencing abolishes at least some of the key miR-26b-induced effects in neurons (Fig. 5D) . Previous studies support the idea of Rb1/E2F pathway coupling CCE and apoptosis, which is often observed in neurons under stress and in neurodegenerative disorders. For example, E2F OE in cortical neurons is sufficient to induce apoptosis , whereas lack of E2F confers protection from death induced by ␤-amyloid (Giovanni et al., 2000) . OE of constitutively active Rb1 protects neurons from death by camptothecin and after hypoxic insult (Rashidian et al., 2005) . Finally, Rb1 conditional knock-out in mice results in a neurodegeneration of adult forebrain neurons, suggesting postmitotic terminally differentiated neurons require Rb1 for continuous cell cycle repression and survival (Andrusiak et al., 2012) . An analysis of the transcriptome of brains with different levels of AD severity established a ϳ1300 gene signature associated with the disease progression. Notably, more than half of the identified genes (656) were putative E2F transcriptional targets (Gó mez Ravetti et al., 2010) , further implicating E2F-driven transcription in AD progression.
Clear effects of miR-26b OE in neurons were seen in the strong upregulation of the E2F target CCNE1, and the corresponding downregulation of CCNE1-CDK2 substrate cell cycle inhibitor p27 kip1 (Fig. 2) . Zhang et al. (2010) identified p27 as a component of nuclear complex blocking neuronal cell cycle. This complex consisting of p27, Cdk5, and p35, binds to E2F1 and prevents its transcriptional activity. P27 is crucial for nuclear retention of this complex; in conditions of p27 deficiency, Cdk5 is not retained in the nucleus and cannot further suppress E2F-driven transcription, thus eliminating cell cycle suppression. Indeed, in miR-26b overexpressing neurons, p27 reduction was accompanied by the corresponding nuclear export of Cdk5 (Fig. 3) . Notably, not only cellular localization of Cdk5 changed but also its enzymatic activity significantly increased, as indicated by the amount of Cdk5 coimmunoprecipitated with its activator p25/p35 and the increased phosphorylation of substrates Rb1, tau, and histone H1 (Fig.  7) . Importantly, Cdk5 is one of the key tau kinases involved in pathological tau hyperphosphorylation in AD. Indeed, we observed a significant miR-26b-induced increase in tauphosphorylation at several residues that are Cdk5 epitopes, characteristic for both early and late NFTs, respectively.
In cycling neural and non-neural cells, tau-phosphorylation at AD-related epitopes is cell cycle dependent: it is low in interphase and reaches its peak in mitosis (Preuss et al., 1995; Illenberger et al., 1998) . In agreement with previous work describing a link between CCE and tau-phosphorylation Keeney et al., 2012) , we show miR-26b elevation leads to both CCE and tauphosphorylation in neurons. A similarity between the pattern of tau-phosphorylation in dividing neural cells and neurons degenerating in AD suggests aging neurons respond to inappropriate signals by attempts to enter cell cycle and regenerate, and increased phosphorylation of tau may represent a part of this mechanism.
Frequent coincidents between CCE and hyperphosphorylated tau/NFT in the same neurons have been reported. For example, in AD and other tauopathies, almost all NFTpositive neurons are also positive for PCNA (Busser et al., 1998) or other cell cycle markers (Bonda et al., 2009) . In normally aged brain, AD, and several other tauopathies, phosphorylated Rb1 is detected mostly in neurons that exhibit tau pathology and NFTs (Thakur et al., 2008; Stone et al., 2011) . Collectively, these data suggest a spatiotemporal, and perhaps also causative link between CCE and tau-phosphorylation, which is most likely mediated through Cdk5: when it is nuclear it blocks the cell cycle, whereas when exported to the cytosol it does not repress the cell cycle and CCE is induced. It also becomes more enzymatically active as a tau kinase, leading to tau hyperphosphorylation. If this is true, stimuli that induce neuronal CCE by removing the Cdk5 nuclear block might also lead to tau hyperphosphorylation. There are studies that support this, e.g., ectopic cell cycle activation by SV40 oncogene in postmitotic neurons in mice display a neurodegenerative phenotype associated by tau pathology and NFT-like profiles (Park et al., 2007) . The aberrant CCE accompanied by tau pathology and changes in neuronal cytoskeleton ultimately lead to apoptosis and neurodegeneration.
Based on our data and previous studies outlined above, we propose the following model of miR-26b function in AD pathogenesis. miR-26b is upregulated in neurons at early stages of AD/MCI by a yet unknown mechanism. miR-26b directly binds and reduces expression of Rb1, which in turn leads to de-repression of E2F1 and activates transcription of both cell cycle and pro-apoptotic gene targets. Significant increase in CCNE1 may lead to CCNE1/Cdk2-dependent phosphorylation and degradation of p27 kip1 (Sheaff et al., 1997; Vlach et al., 1997) followed by the remodeling/dissociation of nuclear p27/Cdk5 complex that normally inhibits cell cycle in neurons. Failure of this block leads to further progression into cell cycle and is accompanied by Cdk5 nuclear export and its increased kinase activity (Fig. 8D) . This, in turn, leads to increased phosphorylation of tau and Rb1, thereby further perpetuating cell cycle, inducing expression of pro-apoptotic genes, and altering microtubule dynamics. Collectively, these profound miR-26b-induced alterations in neuronal metabolism ultimately cause death of postmitotic neurons, at least in vitro. Since numerous Rb1/E2F target genes (both drivers of cell cycle drivers and apoptosis) are induced by miR-26b, the precise molecular mechanism remains to be further investigated. Our data suggest miR-26b-induced neuron death, which happens as a consequence of aberrant CCE, induction of pro-apoptotic genes, and tau-hyperphosphorylation, might represent part of the process underlying AD pathogenesis. They also suggest inhibition of miR-26 as a novel strategy for neuroprotection.
